Stress-mediated magnetic anisotropy and magnetoelastic coupling in epitaxial multiferroic PbTiO 3 
-CoFe 2 O 4 nanostructures
Multiferroic materials, distinguished as simultaneously possessing several ferroic orders, have attracted significant research interest because of their magnetoelectric (ME) coupling, which is the magnetic property modulated by an electric field or vice versa. 1 Self-assembled perovskite-spinel nanostructures such as BaTiO 3 -CoFe 2 O 4 (BTO-CFO), 1 BiFeO 3 -CoFe 2 O 4 (BFO-CFO), 2 and PbTiO 3 -CoFe 2 O 4 (PTO-CFO) 3 can improve room temperature (RT) ME coupling by mediating the efficient elastic stress at the perovskite-spinel interfaces. 4, 5 CFO is a promising candidate as a spinel phase in selfassembly multiferroics for providing the strong magnetostriction 6 to enhance ME coupling. The composition of the two phases, 7 the strain-states of these phases, 8, 9 and the lattice parameters of substrates 9 all play important roles in manipulating the magnetic properties of CFO nanostructures. Recent research has shown that the out-of-plane magnetic anisotropy results from the out-of-plane compressive stress on CFO in low-temperature fabricated BTO-CFO system 8 and in less spinel-phase constituted BFO-CFO system. 7 As for PTO-CFO on SrTiO 3 (001), prior studies have shown that the in-plane magnetic anisotropy is due to the out-of-plane tensile stress on CFO. 2, 10 Moreover, because of the sensitivity to crystal symmetry and short range ordering, 11, 12 phonons can be used as local probes for detecting the strains of a BFO-CFO nanostructure 13 and the magnetoelastic coupling in PbZrTiO 3 (PZT)-CFO bi-layer materials through magneticfield-dependent Raman scattering.
14 However, the magnetic field affected phonon dynamics in self-assembled nanostructures, and the magnetic anisotropy of PTO-CFO nanostructures 10, 15, 16 have rarely been reported.
Therefore, the aim of this study is to provide more insight into the magnetic anisotropy and phonon evolution of PTO-CFO nanostructures based on magnetostriction. This study shows that PTO-CFO on MgO(001) simultaneously exhibits in-plane piezoelectric properties and out-of-plane magnetic anisotropy. The strongly enhanced and hardened T-site phonons after increasing the magnetic field are the result of increased compressive stress driven by the magnetostriction.
The PTO-CFO thin film was deposited by pulsed laser deposition (PLD, KrF laser) using a composite target of (CoFe 2 O 4 ) 2 -(PbTiO 3 ) 1 at 600 C under the oxygen pressure of 100 mTorr. The structural and piezoelectric properties of the thin film were characterized by an x-ray diffractometer (HRXRD, Bede D1) with Cu-k a1 radiation and piezoelectric force microscopy (PFM, Veeco Escope AFM) with an ac voltage of 4 V, respectively. We measured the magnetic properties with a vibrating sample magnetometer (VSM) at RT. Micro-Raman spectra were recorded using a LabRam Jobin-Yvon spectrometer equipped with the liquid nitrogencooled CCD and 532 nm excitation. Before measuring the magnetic-field-dependent Raman scattering, the thin film was demagnetized. The laser spot was kept at the same position as applying the magnetic field. Figure 1 (a) shows the h-2h x-ray diffraction pattern along the surface normal. The diffraction peaks of PTO(100), PTO(200), and CFO(004) confirm the wellcrystallized thin film on MgO(001) without other intermediate phases. The sharp full width at half maximum (FWHM) of 0.008 for CFO(004) in the inset shows that the CFO has good quality, whereas a broad FWHM of 1 Although the c/a of PTO decreases as compared with the bulk PTO, PTO still has a tetragonal structure with ferroelectric and piezoelectric properties. The /-scan across the PTO(101), CFO(202), and MgO(202) shown in Fig. 1(b) confirms that this thin film adopts a four-fold symmetry and exhibits the epitaxial relationship of ð100Þ½101 PTO k ð001Þ½101 CFO k ð001Þ½101 MgO . The c-axis of PTO orients in the in-plane direction, differing from the polar axes of the self-assembly multiferroics on SrTiO 3 (001).
2,4,18
We performed PFM measurement to detect the ferroelectric domains and identify the distribution of the two phases. The AFM topography in Fig. 2 The random distribution of a-domains in the image indicates PTO pillars are embedded in the CFO matrix. The a 2 -domains with the polarization direction perpendicular to that of a 1 -domains ( Fig. 2(c) ) were recorded in Fig. 2 
. The angle-resolved PFM 19 shows that this nanostructure contains two horizontal polar domains in accordance with the broad FWHM of the PTO(100) diffraction peak. The percentages of a 1 -domains and a 2 -domains are approximately 20% and 15% that leads to a total coverage ratio of approximately 35%, consisting with the molar ratio of the target. The in-plane polarization of a PTO-CFO multiferroic on MgO(001) offers an in-plane electric field for manipulating magnetic properties and vice versa.
The magnetic hysteresis loops in Fig. 3 show different magnetization behaviors along the in-plane (dotted line) and out-of-plane (circle line) directions. A comparable small magnetic field of approximately 15 kOe is enough to saturate the magnetic moments of the sample. The coercive field (H C ) along the in-plane direction (210 Oe) is much smaller than that along the out-of-plane direction (2280 Oe). The shrinkage of the in-plane H C implies that the spin has more than one preferred orientation. Because CFO is a strong magnetostrictive material, the stress imposed on the thin film can change the magnetic properties of CFO. We estimated the ratio of remanence to saturation magnetization 20 (Mr/Ms) to be 42.9% and 16.0% for applying magnetic field along the out-of-plane and in-plane directions, respectively. The results show that the easy-axis is along the out-of-plane direction.
The magnetic anisotropy of nanostructures is based on their magnetoelastic anisotropy and shape anisotropy. Because CFO functions as a matrix rather than a rod, its shape anisotropy should contribute to an in-plane spin orientation instead of an out-of-plane spin orientation. By adopting a 2D model 21 for the thin film, the estimated shape anisotropy of À2pM S 2 is À0.772 Â 10 5 J/m 3 . However, the vertical compressive stress and the biaxial tensile stress generate magnetoelastic anisotropy in the out-of-plane direction. The calculated magnetoelastic energy of K me ¼ À3/ 2k 33 (C 11 -C 12 )(e 100 -e 001 ) is 6.75 Â 
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2 Tsai et al. Appl. Phys. Lett. 102, 132905 (2013) magnetostriction coefficient of À590 Â 10
À6
, and C 11 and C 12 are the elastic constants of 2.7 Â 10 12 and 1.06 Â 10 12 dyn/cm 2 , respectively. 7, 21 Therefore, the total anisotropy energy prefers a vertical spin orientation because the magnetoelastic energy exceeds the shape anisotropy. The biaxial tensile stress from the substrate tunes the magnetic anisotropy of this thin film to the out-of-plane direction. The result differs from the in-plane magnetic easy-axis in PTO-CFO on SrTiO 3 (001).
2,10
We further investigated the local strain states of the sample using micro-Raman scattering. Comparing the Raman spectrum of PTO-CFO with those of the pure CFO and PTO thin films at the bottom of Fig. 4(a) , a broad peak at 300 cm À1 is attributed to the superposition of the B 1 þ E and A 1 (2TO) modes of PTO and the E g mode of CFO. The peak at 500 cm À1 originates from a combination of the E(3TO) mode of PTO and the T 2g (3) mode of CFO. Although these modes overlap, other phonons at lower and higher frequencies can be investigated recognizably.
PTO with a tetragonal structure adopts the P4mm space group yielding 3A 1 þ 3E and B 1 þ E modes at RT. 22 According to the appearance of the a-domains and the absence of the c-domains in PTO, the A 1 (TO), E(TO), and B 1 þ E modes are allowed in a geometry with backscattering configuration along the substrate normal. 22 The stress analysis of pure PTO thin film is generally based on the E(TO) modes because they are not affected by the domain structures. 23 However, the E(TO) modes of PTO overlap with the phonons of CFO in this nanostructure. Therefore, we only discussed the A 1 (TO) phonons. The soft mode A 1 (1TO) at approximately 100 cm À1 of the nanostructure is broader and weaker because PTO is highly strained. The red-shifting of A 1 (1TO) gives an estimated stress of 4 GPa on PTO. 24 A high-frequency A 1 (3TO) phonon should shift approximately 70 cm À1 according to the Curie-Weiss pressure law 24, 25 as indicated by the dotted-line in the spectra. Therefore, the mode near 550 cm À1 represents A 1 (3TO), which is consistent with the predicted value.
For a tetragonal symmetry of CoFe 2 O 4 spinel, I4 1 /amd space group analysis yields 10 Raman modes of 2A 1g þ 3B 1g þ B 2g þ 4E g . 26, 27 The Raman modes with frequencies lower than 500 cm
À1
, labeled as O-site phonons, represent the bending of oxygen toward the metals in octahedral sites (BO 6 ). The A 1g (1) (700 cm
) and A 1g (2) (625 cm
) modes, labeled as T-site phonons, represent the stretching of the surrounding oxygen against tetrahedral metals (AO 4 ). 27 The T-sites in the partial inverse spinel structure, such as CoFe 2 O 4 , are occupied by Fe 3þ and partial Co 2þ , depending on the inversion parameter. 28 The blue-shifted T-site phonon of PTO-CFO in comparison with that of pure CFO thin film shows the compressively strained CFO in PTO-CFO. Conversely, the red-shifted phonon frequencies of BFO-CFO show the tensile stress. Because the T-site phonons show more magnetic-field related properties than the O-site phonons, the magnetic field should disturb the local structural environments more in the T-sites than in the O-sites.
The fitted Raman spectra in Fig. 4(b) show that the frequency of the A 1g (1) (2) mode, shifts from 627.4 cm À1 to 633.1 cm À1 as the magnetic field increases from 0.2 T to 0.45 T. Figures 5(a) and 5(b) show the fitted phonon frequency and the intensity, respectively. The origin of phonon softening or hardening under magnetic fields is correlated with the spin-phonon coupling 29 or the magnetostriction 14 of CoFe 2 O 4 . The T-site and O-site phonons are softer in CFO particles because of the spin-phonon coupling caused by the increased magnetic ordering under an applied magnetic field. 29 Therefore, the magnetostriction dominates the T-site phonon hardening in PTO-CFO.
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The magnetostriction of a multiferroic material is correlated with the changes of phonon frequency. The A 1g (1) mode is attributed to the Fe-O stretching vibrations of the FeO 4 tetrahedra along the {111} directions, and its frequency follows 12 ). 20 The mode frequency, which depends on the lattice constants, changes because of the magnetostriction. Therefore, the variation of the T-site mode frequency under the magnetic field can be ) under a magnetic field of 0.45 T, the experimental value is close to the variation of the T-site phonons in a bi-layer multiferroic PZT/CFO under a magnetic field of 0.28 T.
14 This slight difference implies that magnetostriction is even larger in a micro-scale range than a longrange order. In addition, the initial strain states of CFO vary the magnitudes of magnetostrictive coefficients. 30 The compressive stress generated by the magnetic field on the thin film results in the phonon hardening and should alter the local electron configuration as well. 20 The in-plane compressive stress and out-of-plane tensile stress distort the local metal-oxygen bonding, making it more asymmetric for both T-site and O-site phonons. Because of the shorter distance between the tetrahedral metal and the surrounding oxygen, the T-site phonon should be more sensitive to configuration variations than the O-site phonon with a larger atomic distance. Therefore, distorted tetrahedral bonding induces a different Raman scattering cross-section as the observed enhancement in the T-site phonon intensity. We performed similar experiments by applying the magnetic field along the out-of-plane direction (Figs. 5(a) and  5(b) ) and found the enhancement of the T-site phonon intensity is smaller than that under an in-plane magnetic field. The phonon shift seems to become saturated under a lower out-of-plane magnetic field. The different behaviors of magnetostriction along different directions could result from the initial strain states of CFO. Recent research has shown that the magnetostrictive coefficient (k 33 ) of CFO decreases when a strain gauge is applied parallel to the magnetic field. 30 The applied magnetic field at maximal magnetostriction also decreases as the strain increases. 30 Because the CFO is out-of-plane compressed in the proposed multiferroic material, the magnetostriction along the surface normal is reduced and more easily saturated. Therefore, the anisotropic phonon Raman strength enhancement under different magnetic field directions is correlated with anisotropic strain conditions through a stress-mediated process. In conclusion, the magnetic field induced T-site phonon hardening in this study confirms that magnetoelastic coupling is possible through magnetostriction. Anisotropic Raman strength enhancement of T-site phonon illustrates the in-plane direction is an efficient coupling direction in PTO-CFO nanostructure that could be concerned for the design of multiferroic devices. 
